We present an optofluidic chip with integrated polymer interferometers for measuring both the microfluidic air pressure and flow rate. The chip contains a microfluidic circuit and optical cavities on a polymer which was defined by soft lithography. The pressure can be read out by imaging the interference patterns of the cavities. The air flow rate was then calculated from the differential pressure across a microfluidic Venturi circuit. Air flow rate measurement in the range of 0-2mg/second was demonstrated. This device provides a simple and versatile way for in situ measuring the microscale air pressure and flow on chip.
Introduction
In the past years optofluidic has received substantial attention in both microfluidics and optics. With the development of microtechnology, multiple optofluidic devices have been realized by merging the optics and fluidics synergistically [1, 2] , such as dye lasers [3] [4] [5] [6] , tunable photonics crystals [7] , optical switches [8] and fluidic lens [9] . In such devices, the optical functional fluids are normally in the liquid form. On the other hand, the gas phase microfluidic devices have also attracted much attention [10] [11] [12] . For example, compressed air has become one of the dominated methods to manipulate the liquid analyte for lab-on-a-chip applications, either by pushing the liquid directly or by actuating the membrane valve [13, 14] . However, few works have been reported on the optofluidic devices which combine optics with the gas phase microfluidics. Very recently a pneumatically tunable optofluidic dye laser has been reported in which a microchannel based tunable air-gap etalon can be adjusted by air pressure [15] . Since the air pressure has been extensively utilized to manipulate both the liquid and optical elements on a chip, measurement of the air pressure and flow becomes desirable especially for local measurement inside the microfluidic chip.
In this work, we demonstrate an optical interferometric air pressure sensor and flow meter based on an air circulating optofluidic chip. Different from the MEMS (Microelectronic and Microelectromechanical Systems) based pressure or flow sensors which require sophisticated fabrication process with silicon [16, 17] , this optofluidic sensor was defined on a polymer chip with soft lithography and the measurement was done by imaging the interference pattern from the chip. This sensor can be simply fabricated with low cost. The chip structure is illustrated in Fig. 1 . It consists of a structured Polydimethylsiloxane (PDMS) polymer layer bonded onto a rigid glass substrate. The structure inside the chip can be divided into two parts: the microfluidic channel and two separate optical cavities. The air flows in the main microfluidic channel. While in the channel middle part there exists a slit type Venturi tube for differential pressure based air flow measurement. Due to the elasticity of the polymer, the polymer optical cavities can be deformed by the local air pressure. Upon illuminating by monochromatic light, a Newton's ring pattern was formed in the cavities. By imaging and analyzing this interference pattern we can calculate the air pressure and hence the flow rate. The cross section of the optical cavity for pressure sensing is shown in Fig. 2 . The top PDMS layer has a round chamber structure with flat inner surface. A thin air gap is formed between the PDMS chamber and glass substrate. Thanks to the flexibility of the PDMS, after filling with compressed air, the PDMS surface in the cavity was deflected into a curvature depending on the pressure value (all pressure here means the relative pressure to the atmosphere). When the cavity is illuminated by a coherent monochromatic light, the reflected light from the two inner surfaces of the cavity can interfere with each other constructively or destructively depending on the gap size. Thus the resulting total reflection intensity can be expressed as:
where 1 I and 2 I are the reflection intensity from the PDMS-air interface and air-glass interface respectively; d is the local air gap size; λ is the wavelength of the illuminating light. Due to the low reflectivity (< 4%) of these two interfaces, 1 I and 2 I have very close values hence resulting in good contrast of the interference pattern. Multiple reflections can be neglected in this model. As the PDMS/air interface will be deformed to a dome shape upon applying air pressure, the cavity generates multiple concentric ring interference fringes, similar to the Newton ring pattern. Figure 3 shows the measuring principle of the air flow meter which is based on Venturi effect on a planar microfluidic Venturi tube. The Venturi tube is a section of the channels with a tapered entrance and a straight throat. As the fluid passes through the throat, the velocity increases. According to the Bernoulli's equation, the pressure drop across the constriction is proportional to the square of the flow rate. Thus the air flow rate Q can be expressed in a simplified form as [18] :
where Q is the mass flow rate; 1 2
is the differential pressure; 1 ρ is the gas density before the entrance of the Venturi tube; k is a coefficient depending on the structure dimensions, environment temperature and other flow conditions. In this experiment, the temperature was assumed to be constant, so the air mass density 1 ρ before the taper entrance has 1 1 P ρ ∝ Thus the air mass flow rate can be also expressed as: Fig. 3 . The schematic of the Venturi tube for measuring the flow rate.
Fabrication
The structured PDMS layer was fabricated by soft-lithography in one step. It was replicated from a master mold which had double layers of structured negative photoresist SU-8 on a silicon wafer. The bottom layer of SU-8 had thickness of 15 um for defining the cavity structures. The cavity has a 300 µm diameter. After developing the first layer, a second layer of SU-8 was spun on top of it with a thickness of 50 um for defining the microfluidic channel.
The main channel has width of 300 µm, and the width of the throat part is 50 µm. The PDMS was prepared by mixing the prepolymer component in 10:1 ratio (base: curing agent, Dow Corning Sylgard 184) and then baked in and oven at 80 degrees for 2 hours. Finally the PDMS layer was bonded on the glass substrate using oxygen plasma treatment.
Experiment and result
The chip was measured on a normal bright field microscope (Infinity Microscope and Mitutoyo M Plan Apo 5x objective) with a built-in beam splitter for illumination. The light source was based on a wideband light source (Dolan-Jenner PL-800 Illuminator) plus a laser line filter (Thorlabs, FL632.8-1) with a transmission linewidth of 1 nm. Instead of using the laser, this monochromatic light source was found to provide sufficient coherence for generating interference patterns and while suppressing almost completely the speckle noise. The image was recorded by a monocolor CCD camera. The air pressure was generated from a mechanical air pressure regulator (100-AB, Air Control Inc.) and calibrated with a digital pressure gauge (Omega DPG4000). The air flow was controlled by a digital mass flow controlled (Brooks Inc.). Figure 4 shows an example image of the chip captured on the microscope. The cavities on the left and right correspond to the pressure sensor 1 P and 2 P . The interference patterns consist of dark and bright co-centric rings which moved out from the center to the side as the pressure increased. Before the air flow measurements, these two pressure sensors were calibrated with the digital pressure gauge. Figure 5(a) shows the plot of the average intensity of the center in the left cavity 1 P versus the applied pressure, as denoted by the red solid squares. The scatter plot reveals a typical sinusoidal relationship which fits very well to a sine curve denoted by the black line. Based the Eq. (1), the increment of the air gap in the center can be calculated. The reconstructed result reveals nice linearity in the pressure range 0 -6 psi as plotted by the air gap increment (red square dots) versus the applied pressure in Fig. 5(b) . The sensitivity was calculated as 1.46 fringes per psi. As the left and right optical cavities are not exactly identical, two separate calibrations were done.
The digital mass flow meter was connected to a compress air source providing arbitrary air flow with predefined value. For the same air flow rate, different air pressure at the inlet of the chip was also tested by adjusting the resistance at the chip outlet. The interference images of the two cavities were recorded and analyzed according calibration results shown above. The result is shown in the Fig. 6 . The plot shows the relation of the measured value of ( ) At the same flow rate, the values of ( )
(shown as different shapes on graph) give a slight deviation corresponding to different pressure condition at the inlet. Figure 7 illustrates the dependence of the measurement error versus different inlet pressure at certain flow rate.
Here the measurement error is the differential value between the calculated value from Eq. (3) and the setting value of the digital mass flow controller. For a given flow rate, the measurement errors seem random related to the variation of inlet pressures. This could be the result of the inaccuracy from the pressure sensing. For different flow rates, the measurement error has a tendency to increase monotonically with the flow rate. Such deviation was estimated to relate to the inaccuracy of Eq. (3) or the deformation of the microfluidic channel or another more complicated effect. However, this air flow meter still provides satisfied accuracy which is below ± 3% at full scale of 2 mg/s. The accuracy and dynamic range of this device are mainly limited by the mechanical properties of the PDMS. Firstly, the shape memory effect of PDMS is the main factor restricting the accuracy of pressure measurement; secondly, for high pressure and large flow rate, there is a slight deformation in the venture channel which can also induce errors.
Conclusion
In conclusion, we have demonstrated an optofluidic chip for simultaneously measuring the microfluidic air pressure and the flow rate through imaging. Both the microfluidic and optical structures were fabricated by soft-lithography on a polymer chip in a single step. Compared to the conventional miniature air pressure sensor or air flow meter which relies on complex MEMS fabrication process [17] , this polymer based optofluidic air flow sensing chip can be made in mass production with very low cost. More importantly, as being compatible with the normal microfluidic in terms of fabrication and characterization [14] , this device can be easily integrated into a lab-on-a-chip system for in situ measuring the air pressure and flow rate, Multipoint pressure or flow rate measurement are also feasible by simultaneously imaging the interference patterns on multiple cavities.
